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The polymerase chain reaction (PCR) was first de-
scribed in 1985 (Ref. [1]). Since then, it has become
the ‘gold standard’ for amplifying DNA and reverse-
transcribed RNA. Unfortunately, the greatest advantage
of PCR (its sensitivity) easily becomes its biggest disad-
vantage, as the smallest changes in reaction conditions
from tube to tube result in large differences in the out-
come. During the past few years, there has been increas-
ing interest in semiquantitative and quantitative PCR
(Ref. [2]). Several protocols for how to generate and use
internally deleted standards have been published (Ref.
[3–5]). The aim of this study was to measure gene ex-
pression using the high specificity and sensitivity of com-
petitive PCR techniques but at a lower cost.
1. Creating internally deleted standards by cloning
▼Total RNA fromprimary cultures of human umbilical vein
endothelial cells (HUVECs) was isolated as described previ-
ously (Ref. [6]). All standards were constructed using linker
primer PCR (Ref. [3]), which ensures that targets and stan-
dards contain the same primer binding sites.
The target was a 702 bp fragment of the human
endothelin receptor type B (ETB) (position 838–1539)
(Ref. [7]). Sample-specific standards with lengths of 648 bp,
528 bp, 438 bp and 355 bp were constructed and cloned
into the pCR-Script Amp SK(+) cloning vector (Strata-
gene). The identity of the standard was confirmed by cy-
cle sequencing with the ABI PRISM Dye-terminator Cycle-
sequencing Ready Reaction Kit (Perkin Elmer) on an au-
tomated ABI 373A DNA Sequencer (ABI/Perkin Elmer).
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Database searches of GenBank were performed using
BLASTN.
The primers used in this study were as follows (Ref. [7]).
ETB sense (pos. 838–860) 5′–CGA GCT GTT GCT TCT
TGG AGT AG–3′
ETB antisense (pos. 1516–1539) 5′–ACG GAA GTT GTC
ATA TCC GTG ATC–3′
Linker 1 (pos. 914–933) 5′–CTT GGAGTAGGG TGG TCT
CTG TGG TTC TGG–3′
Linker 2 (pos. 1034–1053) 5′–CTT GGA GTA GGC AGT
TTT ACA AGA CAG CAA–3′
Linker 3 (pos. 1124–1143) 5′–CTT GGA GTA GGA CCT
GTG AAA TGT TGA GAA–3′
Linker 4 (pos. 1207–1226) 5′–CTT GGA GTA GCC GTC
TTT TGC CTG GTC CTT–3′
2. Generating cRNA from the cloned standards
In vitro transcription of cDNA standards was performed us-
ing an RNA Transcription Kit (Stratagene). Standard cRNA
was quantified spectrophotometrically at 260 nm.
3. RT-PCR protocol for cRNA standards and sample
RNA
For the reverse transcription of cRNA, random hexamer
primers and SuperScriptTM II RNase H− Reverse Transcrip-
tase (Life Technologies) were used. The standard reverse
transcription (RT) protocol was as follows: 3 min at 70◦C, 1
h at 42◦C, 5 min at 95◦C. 20% of each RT reaction was am-
plified in separate PCR reaction with 20 pmol ETB sense and
antisense primers each. The standard PCR protocol was: 1
min at 95◦C, 1 min at 69◦C, 1 min at 72◦C.
4. Fragment separation and optical analysis
of molecule number
PCR products were separated by agarose gel electrophoresis,
stained with ethidium bromide and documented by pho-
tography using Polaroid film type 665. The optical densities
of the sample-specific targets and standard molecules were
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Fig. 1. (a) Schematic diagramof the smaRT-PCR strategy. In contrastto classical competitive RT-PCR,serially deleted standards are usedthat carry
identical primer-bindingsites. The four standards, eachdifferent in size and concentration,are added to a known number of totalRNA molecules from a
biopsy. PCRproducts are separated using standardagarose gel electrophoresis, stainedwith ethidium bromide. Subsequently,mRNA expression is
quantifieddensitometrically. (b, c) Construction of serial internally deleted standards. A cRNA fragment (702 bp) from the endothelin receptor type B
(ETB) was amplified with one [528 bp, for classical competitive RT-PCR (b)] or four serial internally deleted [638 bp, 528 bp, 438 bp and 355 bp, for
smaRT-PCR (c)] cRNA standard fragments. The mixtures were then separated by gel electrophoresis.
estimated by a densitometer (Molecular Dynamics). Densi-
ties of PCR fragments were normalized using a correction
coefficient. The logarithms were determined of the quo-
tients of the sample-specific and standard PCR fragment
densities, and these were plotted against the amount of
standard RNA molecules.
5. SmaRT-PCR protocol
Using serial multistandard-assisted RT-PCR (smaRT-PCR), a
one-tube reaction can measure the total number of target
molecules (Fig. 1a). We showed that target and standard
mixtures of four different deleted standards can be tran-
scribed into cDNA and subsequently amplified at the same
rate (Fig. 1b).
A serial standard mixture was set up. Using this, the
smallest standard (D) was at the highest concentration.
Each larger standardmolecule was added in a 1:2 dilution to
the next smaller standard (i.e. C was present at half the con-
centration of D, Bwas present at a quarter the concentration
of D and A was present at an eighth the concentration of
D). This standard mix was diluted and added to a constant
amount of total RNA (250 ng) from a HUVEC preparation.
After RT-PCR and gel electrophoresis, the concentration of
ETB was calculated to be 1917.8 ± 36.5 µg RNA [mean ±
standard error of the mean (SEM); n = 4. We found that
smaRT-PCR was highly reproducible.
6. Comparison of smaRT-PCR with classical
competitive RT-PCR
To test the validity of smaRT-PCR, we did comparative
experiments using classical competitive and smaRT-PCR
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Fig. 2. Comparison of (a, c) classical competitive PCR and (b, d) smaRT-PCR. A known number of sample-specific target cDNAs and standard molecules
(1:2 mix) were added to each reaction. Afterwards, both approaches (classical and smaRT) were carried out in a parallel manner. Neither the PCR
protocols nor the molecule-number calculations differed. Both techniques produced the same results (in the example shown: 1.4×107 molecules).
(Fig. 2). A known number of cDNA molecules of target
and standard molecules (1:2 mix) were added to each re-
action. Both classical and smaRT-PCR were carried out in
a parallel manner. We found no significant difference in
deviation between the two approaches: in both cases, a
deviation of ∼10% of the predicted target-fragment value
was calculated. The deviations of the empirically calcu-
lated (PCR-based) target concentrations from the theoret-
ically, densitometer-based measured concentrations were
12.4% ± 1.8% (mean ± SEM; n = 16) for classical com-
petitive PCR and 8.9% ± 2.0% (mean ± SEM; n = 13) for
smaRT-PCR.
With dilution steps of 1:2, the concentrations of the four
standards differed by a factor of eight. The working range
seems to be even wider than this. If the expression of the
target gene exceeds the range of dilution of the standard,
an additional parallel dilution might be needed. Without
reaching statistical significance, the sensitivity of the clas-
sical approach tended to be higher. This might be because
of the earlier limitation of a single PCR component during
the amplification.
Variations in the number of cycles or the number of
molecules included did not interfere with the results (Fig.
3). Both smaRT and classical PCR showed a plateau phase
of amplification after a certain number of PCR cycles. How-
ever, although the plateau phase must be avoided in clas-
sical RT-PCR, it seems not to be limiting in smaRT-PCR
reactions because, even after many PCR cycles, the result
did not change.
6 www.sciencedirect.com
Technical Tips Technical Tips Online, Vol. 6, 2001
Fig. 3. Different numbers of target molecules (a) or cycles (b) did not
interfere with the results of endothelin receptor type B quantitation by
smaRT-PCR. Abbreviation: M, size marker.
7. Conclusion
The classical and smaRT approaches to quantitative RT-PCR
are highly sensitive and specific.We therefore claim to have
generated a novel alternative to competitive RT-PCR: serial
multistandard-assisted RT-PCR, or smaRT-PCR. This new
approach to quantitative RT-PCR could be used in a va-
riety of theoretical and clinical applications. Even though
it takes longer to generate standards and to adapt them to
the reaction, smaRT-PCR has some advantages. First, it can
be performed in every PCR laboratory without the need for
any additional equipment. Second, all components are al-
ready in use for classical PCR. Third, it is easier to automate
procedures during PCR and the calculation of molecules.
This technique enables laboratory staff to quantify gene
expression more cheaply and more quickly than the classi-
cal technique. In addition, one saves on samples, which is
becoming more and more important as, often, only micro-
biopsies are taken. These advantages can be gained without
any lack of specificity and at a very high level of PCR sensi-
tivity.
This peer-reviewed article can be cited as: Szibor, M. and
Morawietz, H. (2000) SmaRT-PCR: a novel application of
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line T002038.
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Products Used
pCR-Script: pCR-Script from Stratagene
ABI 373A DNA sequencer: ABI 373A DNA se-
quencer from PE Applied Biosystems
RNA Transcription Kit: RNA Transcription Kit
from Stratagene
RNA Transcription Kit: RNA Transcription Kit
from Stratagene
Reverse Transcriptase: Reverse Transcriptase
from Roche Molecular Biochemicals
RNase: RNase from Sigma
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